Abstract. Notch signaling has been shown to be important in osteoblast differentiation. Therapeutic radiation has been shown to alter the skeletal system, yet little information is available on the changes in Notch signaling in irradiated osteoblasts. The purpose of this study was to analyze the effect of radiation therapy with 2 and 4 Gy on Notch signaling in osteoblasts. In order to assess the radiation damage on osteoblast differentiation, total RNA and protein were collected three days after exposure to radiation. The effects of radiation on Notch signaling at the early and terminal stages of osteoblastic MC3T3-E1 cell differentiation was analyzed by qRT-PCR and western blot analysis. Our study applied a previously established method to induce MC3T3-E1 cell differentiation into osteoblasts and osteoblast precursors. Our results showed that the expression of Notch receptors (Notch1-4), ligands (Jagged1, Jagged2 and Delta1), target of Notch signaling (Hes1) and markers (ALP, M-CSF, RANKL and OPG) were altered following 2 and 4 Gy of irradiation. The present research did not indicate a strong relationship between Notch1 regulation and suppression of osteoblast differentiation. We found Hes1 may play a role in the radiation effect on osteoblast differentiation. Our results indicate that radiated osteoblast precursors and osteoblasts promoted osteoclast differentiation and proliferation.
Introduction
Radiation therapy is an important and effective method for the treatment of tumors. However, this widely used treatment increases the occurrence of long-term side effects caused by radiation damage to normal tissues near the tumor. Sequelae in the skeleton and bone marrow can occur as late consequences for survivors following radiation therapy of cancer (1) . Bones within the irradiated volume can absorb radiation doses, resulting in an increased fracture risk (2) (3) (4) (5) (6) . In addition to bone fracture, demineralization of bone, thinning of bone, sclerosis, and loss of trabecular connections have been characterized as consequences of radiotherapy (7) (8) (9) (10) . Damage to osteoblasts and osteocytes is conceived to be a primary contributor to the reduced bone mineral density that is observed following irradiation (7, 8, 10, 11) . Previous studies suggest that radiation can impair bone formation by inducing a decrease in osteoblast proliferation and differentiation, inducing cell-cycle arrest, reducing collagen production, and increasing sensitivity to apoptotic agents in vitro and in vivo (12) (13) (14) (15) .
During the radiation therapy of tumors, the absorbed dose in surrounding tissues can be substantial. Cancer patients receive daily doses (fractions) of 1.8-2.0 Gy targeted locally to the tumor and delivered over a period of a few minutes, with the total dose to the tumor ranging from 50 to 80 Gy or more. For large solar particle events (16) lasting 8-24 h, the whole body cumulative dose for protons could reach the 1-2 Gy level (1.0-2.0 Sv) depending upon the tissue site in the space radiation environment (17) . It remains unknown what the effects of radiation on signaling pathways are, which is the topic of the present study.
Bone remodeling is a temporally and spatially regulated process that results in the coordinated resorption and formation of skeletal tissue (18) . Bone remodeling occurs in basic multicellular units in which osteoclasts resorb bone and osteoblasts form newly synthesized matrix in a coordinated process that takes ~4 months. The number and function of osteoclasts and osteoblasts are regulated by extracellular and intracellular signals acting in a coordinated fashion that maintains skeletal Effect of radiation on the Notch signaling pathway in osteoblasts homeostasis. The fate of mesenchymal cells and their differentiation into cells of the osteoblast lineage is tightly controlled by signaling molecules such as bone morphogenetic proteins (BMPs) and Wnt, which favor osteoblastogenesis, and by others such as Notch, which impairs osteoblast differentiation (19) (20) (21) . In addition to bone construction, osteoblasts are involved in the regulation of bone resorption through receptor activator of nuclear factor-κB (22) ligand (RANKL) and secretion of a soluble decoy receptor (osteoprotegerin, OPG). RANKL is a ligand for its receptor, RANK, and is a key factor in osteoclast differentiation and activation. OPG prevents osteoclast differentiation and activation and protects the skeleton from bone resorption by blocking RANK/RANKL interaction. In short, the balance between RANKL and OPG determines the formation and activity of osteoclasts (23) . Notch was first identified in Drosophila melanogaster, where its inactivation causes notches in the wing blade. The Notch signaling pathway is an evolutionarily conserved communication system. It mediates cell-cell interactions that are crucial for cell-fate determination, differentiation and many other biological processes. In mammals there are four receptors termed Notch1-4, which are single-pass transmembrane receptors. The ligands Delta/Serrate/Lag-2 (DSL) and Jagged1 and 2, and Delta1, 3, and 4 are single-pass transmembrane proteins expressed on the neighboring cells (24) . Notch signaling relies on the surface interaction between the Notch receptor and membrane bound ligands in adjacent cells (25) . Following ligand receptor interactions, Notch is cleaved and the Notch intracellular domain (NICD) is released (26) . Hairy enhancer of split (Hes) and Hes related with YRPW motif (Hey) transcription factors are established targets of Notch signaling. Seven Hes proteins (Hes1-7) and three Hey proteins (Hey1, Hey2 and HeyL) have been identified, and all but Hes2 and Hes3 are targets of Notch canonical signaling (27) . Although Notch may act either as a suppressor or inducer of osteoblast differentiation in vitro, studies in transgenic murine models revealed that activation of Notch signaling arrests commitment of pluripotent precursors to the osteoblastic lineage and suppresses osteoblast differentiation (28) .
Notch signaling has been shown to be important in the regulation of osteoblast differentiation, and therapeutic radiation has been shown to induce changes to the skeletal system. However, little information is available on the changes in Notch signaling in irradiated osteoblasts. The purpose of this study was thus to analyze the effect of radiation (2 and 4 Gy) on the Notch pathway in vitro in differentiating osteoblasts. In order to assess the radiation damage on osteoblast differentiation, total RNA and protein were collected three days after radiation exposure. Furthermore, the effects of radiation on the Notch signaling pathway at the early and terminal stages of differentiation were analyzed by qRT-PCR and western blotting.
Materials and methods
Cell culture. MC3T3-E1 cells were obtained from the Cell Bank of the Institute of Basic Medicine at the Chinese Academy of Medical Science (Beijing, China) and maintained in α-MEM supplemented with 1% L-glutamine and 10% heatinactivated FBS and 100 µg/ml of penicillin/streptomycin, in a humidified atmosphere of 5% CO 2 at 37˚C. The cells were split when the culture reached 80% confluency. The medium was changed every 3 days.
Induction of osteoblastogenic differentiation and radiation exposure. MC3T3-E1 cells were cultured in differentiation medium consisting of α-MEM supplemented with 10% FBS, 50 µg/ml ascorbic acid (Sigma, St. Louis, MO, USA), and 10 mM β-glycerophosphate (Sigma) for 8 days to differentiate into osteoblast precursor cells (early stages of osteoblast differentiation) and 18 days to differentiate into osteoblast cells (terminal stage of osteoblast differentiation) (29) . This supplemented medium is referred to as osteoblast differentiation medium or OBDM. It was refreshed every 3 days. The cells were exposed to 0, 2, or 4 Gy of γ-radiation on the fifth day (osteoblast precursor) or the fifteenth day (osteoblast).
137
Cs was used as a radiation source.
Alkaline phosphatase staining. To detect osteoblasts, alkaline phosphatase (ALP) staining was performed using the alkaline phosphatase kit (Nanjing Jiancheng Bioengineering Institute). For ALP staining, MC3T3-E1 cells were cultured with OBDM in 24-well plates. After 8 days and 18 days, ALP staining was performed according to the manufacturer's instructions.
RNA extraction, reverse transcription and qRT-PCR analysis.
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). First-strand cDNA was synthesized using the reverse transcription kit (Invitrogen) with total RNA (1 µg). qRT-PCR analyses for Notch1, Notch2, Notch3, Notch4, Jagged1, Jagged2, Delta1, Runx2, Hes1, ALP, RANKL, OPG and M-CSF were performed using the CFX96 Touch™ Realtime PCR detection system (Bio-Rad, Hercules, CA, USA). The reaction conditions were: 50˚C for 2 min and 94˚C for 3 min, followed by 40 cycles of 94˚C for 15 sec, 60˚C for 20 sec and 72˚C for 20 sec. The levels of β-actin mRNA were used as the internal control, and the gene-specific mRNA expression was normalized against β-actin expression. The sequences of the primers used in these analyses are listed in Table I .
Western blotting. Cells were lysed in M-PER Mammalian Protein Extraction Reagent (Thermo Scientific) containing protease inhibitors (Complete Ultra Mini EDTA-free protease inhibitor cocktail tablets, Roche). Protein samples were separated by electrophoresis in a 10% SDS-polyacrylamide gel and transferred onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). The membrane was blocked with 5% skimmed milk (BD). The following primary antibodies were used: mouse monoclonal antibody to β-actin (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse monoclonal antibody to Notch1 (1:1000; AbD Serotec), goat polyclonal antibody to Notch2 (1:500; Santa Cruz Biotechnology), goat polyclonal antibody to Jagged1 (1:500; Santa Cruz Biotechnology), goat polyclonal antibody to Runx2 (1:500; Santa Cruz Biotechnology), rabbit polyclonal antibody to Hes1 (1:1000; Santa Cruz Biotechnology), goat polyclonal antibody to M-CSF (1:500; Santa Cruz Biotechnology), goat polyclonal antibody to ALP (1:1000; Santa Cruz Biotechnology), rabbit polyclonal antibody to RANKL (1:500; Santa Cruz Biotechnology), mouse polyclonal antibody to OPG (1:500; Abcam) followed by corresponding peroxidase-conjugated antibodies (1:5000) according to the manufacturer's instructions (ZSGB-BIO).
Infrared fluorescence of the secondary antibodies was read on a Bio-Rad ChemiDoc™ XRS+ system. Statistical analysis. Data are presented as means ± SD. The data were compared using two-tailed unpaired Student's t-test (SPSS 17.0 for Windows). P<0.05 was indicative of a statistically significant difference.
Results
In this study, we applied a previously established method to induce MC3T3-E1 cell differentiation into osteoblasts and osteoblast precursors. ALP is required for bone matrix mineralization and is used as an osteoblast differentiation marker (30) . MC3T3-E1 cells exhibit ALP-positive staining (3) after 18 days of culture in OBDM, indicating that MC3T3-E1 cells successfully differentiated into osteoblasts (Fig. 1) .
In order to determine the effect of radiation on the expression of Notch signaling receptors, mRNA expression of Notch1-4 was determined by qPCR, after 2 and 4 Gy of irradiation at the different differentiation stages. At the early stages of osteoblast differentiation, the mRNA expression level of Notch2 and Notch3 increased after exposure to 2 Gy of irradiation, and Notch1, Notch3 and Notch4 mRNA expression was upregulated after treatment with 4 Gy of irradiation. In addition, at the terminal stages of differentiation, 4 Gy of irradiation decreased the Notch2 mRNA expression level and increased the mRNA expression level of Notch4; both 2-and 4-Gy irradiation increased Notch3 expression (Fig. 2) . The protein expression levels of Notch1 and Notch2 were verified by western blotting (Fig. 5) .
Three Notch ligands, Jagged1, Jagged2 and Delta1, were tested. Jagged1 mRNA and protein expression levels were found to be upregulated at the early stage of differentiation in cells receiving 4 Gy of irradiation and at later stages when cells were treated with both 2 and 4 Gy of irradiation (Figs. 3  and 5 ). The mRNA expression of Jagged2 increased at both the early and late stages following exposure to 2 and 4 Gy of irradiation. Additionally, for Delta1, the mRNA expression level only significantly increased at the terminal stage of osteoblast differentiation after 4 Gy of irradiation (Fig. 3) .
The expression of Hes1, a known target of Notch signaling, was significantly upregulated at the terminal stages of MC3T3-E1 cells that received both 2 and 4 Gy of irradiation at the mRNA (Fig. 4) and protein levels (Fig. 5) . This indicates that Notch signaling was increased in radiated cells. Runx2 (Runt-related transcription factor, also called Cbfa1 or Pebp2aA), an important transactivator of Notch signaling, was repressed at the mRNA and protein levels after 2 and 4 Gy of irradiation following exposure during the terminal stage of differentiation (Figs. 4 and 5) .
The expression of ALP, a marker for osteoblasts, was investigated. The ALP mRNA expression in the osteoblast precursors was not affected by 2 or 4 Gy of irradiation. However, 2 Gy of irradiation slightly induced ALP levels, and 4 Gy of radiation exposure repressed ALP mRNA expression at the terminal stage of osteoblast differentiation (Fig. 4) . Radiation exposure of 4 Gy also decreased ALP protein expression at the terminal stage of osteoblast differentiation (Fig. 5) . Although 2 Gy of irradiation decreased M-CSF mRNA expression at the early stages of differentiation, 2 Gy of irradiation increased M-CSF levels at the late differentiation stages. Moreover, M-CSF expression was induced by 4 Gy of irradiation at both early and terminal stage (Fig. 4) . However, the protein level of M-CSF increased at the early stages of differentiation after 2 and 4 Gy of radiation exposure. At the terminal stage of differentiation, the protein level of M-CSF increased following 4 Gy of radiation exposure. However, there was no increase in the protein level of M-CSF at the terminal stage of osteoblast differentiation following 2 Gy of radiation (Fig. 5) .
RANKL and OPG expression, key regulators of osteoclast differentiation and function, was determined at different differentiation stages with 0, 2 and 4 Gy of radiation exposure. The RANKL mRNA expression level in osteoblast precursors was repressed by 2 Gy of irradiation, but induced by 4 Gy of irradiation. In osteoblasts differentiated from MC3T3-E1 cells, 2 and 4 Gy of irradiation successfully increased RANKL mRNA expression levels (Fig. 4) . The protein level of RANKL was increased at the terminal stage of osteoblast differentiation after 4 Gy of radiation exposure and was decreased at the early and terminal stages of osteoblast differentiation following 2 Gy of irradiation. Of note, 2 and 4 Gy of irradiation did not change OPG mRNA and protein expression at the early stage of osteoblast differentiation, but impaired OPG levels at the terminal stage (Figs. 4 and 5) .
Discussion
There is a high degree of structural homology in the intracellular domain of the four Notch receptors. Although the structural and functional properties of Notch1 have been characterized to a greater extent than those of other Notch receptors, their functional homology has not been explored in detail. It has been previously shown that elevated levels of Notch1 impaired osteoblastogenesis by inhibiting Wnt/β-catenin signaling (19, 31) . Wnt/β-catenin signaling is required for osteoblastogenesis. Notch1 acts as a suppressor of osteoblast differentiation, but the different timing of overexpression of NICD is probably responsible for the differences in phenotype observed (32) . NICD overexpression controlled by a 3.6-kb fragment of the collagen type 1α1 (Col1α1) promoter, which is expressed during the early stages of osteoblast differentiation, causes osteopenia due to decreased numbers of osteoblasts (33) . Overexpression of NICD under the control of a 2.3-kb fragment of the Col1α1 promoter, which is active in mature osteoblasts, causes an increase in osteoblasts synthesizing woven bone, possibly because of impaired terminal osteoblast differentiation, an effect mediated by the Notch canonical pathway (34, 35) .
In the present study, both early and terminal osteoblast differentiation stages were investigated for the response to radiation exposure. Our results did not show a strong correlation between Notch1 regulation and suppression of osteoblast differentiation. γ-irradiation at 4 Gy increased the expression of Notch1 in osteoblast precursors, the early osteoblast differentiation stage, but did not affect the expression level of ALP, an osteoblast marker. In addition, 4 Gy of γ-radiation of exposure decreased the ALP levels in osteoblasts at the terminal differentiation stage, but did not significantly increase Notch1 expression. It is widely recognized that Notch1 may present the main function of all four Notch receptors. However, we still suspect that Notch2-4 proteins could play a role in the regulation of skeletal development. The radiation effect on osteoblast differentiation could be an integrated result of the four Notch receptors or regulation by other molecular mechanisms. Although few studies concerning the function of Notch2-4 in osteoblasts exist, our laboratory investigated the radiation effects on Notch2-4 at the early and late stage of osteoblast differentiation.
We also investigated the radiation effects on three important Notch ligands, Jagged1, 2 and Delta1. Expression of the Notch ligand Jagged1 has been detected in osteoblastic cells in vivo and in vitro (31, (36) (37) (38) (39) (40) , and during bone regeneration (41) . There are still controversies concerning the role of Jagged1 in osteoclastogenesis. Sethi et al demonstrated that Jagged1-expressing cells directly interact with osteoclast precursor cells to increase their activity by accelerating osteoclast differentiation and maturation (42) . Bai et al demonstrated that Jagged1-expressing cells inhibit the differentiation of bone marrow macrophages to the osteoclast phenotype in the presence of RANKL (43). Nobta et al suggested that Jagged1 is capable of enhancing bone mineral deposition (41) . Several studies have shown that osteoblasts expressing the Notch ligand Jagged1 are part of the hematopoietic stem cell (HSC) niche (36, 44) . However, Mancini et al showed that HSC self-renewal and differentiation are independent of Jagged1-dependent Notch signaling (45) . Our study demonstrated that the level of Jagged-1 expression increased in osteoblasts after 2 and 4 Gy of radiation and in osteoblast precursors after 4 Gy of irradiation. Our results also showed their radiation induces Jagged2 and Delta1 expression changes at the early and late stages of osteoblast differentiation. Even though the function of the Notch ligand in osteoblasts remains unclear, the ligands may play a role in osteoblasts after radiation exposure.
The expression of Hes1, one of the targets of Notch canonical signaling, was investigated after radiation. Hes1 plays an important role in osteoblast differentiation and osteoblast-osteoclast interaction. Hes1 overexpression impaired osteoblastogenesis in vitro, and Hes1-overexpressing transgenic osteoblasts enhanced the resorptive activity of co-cultured osteoclast precursors (46) . Additionally, Hes1 binds to the osteocalcin promoter and suppresses trans activation of osteocalcin (47) . This indicates that Hes1 could suppress osteoblastogenesis and play a positive role in osteoclastogenesis. We observed that 4 Gy of radiation increased Hes1 expression by 2.2-fold. Of note, the expression level of ALP decreased accompanied by increased Hes1 levels in osteoblasts after 4 Gy of irradiation. Therefore, we suspect that 4 Gy of radiation can inhibit osteoblast differentiation at the terminal stage by upregulating Hes1 expression. The upregulation of Hes1 in osteoblasts indicated that Notch signaling was more active after 2 and 4 Gy of irradiation. The components in Notch signaling were not directly transcribed upon radiation treatment, but this does not mean that the pathway was not affected by irradiation. Runx2 is an essential transactivator for osteoblast differentiation and bone formation and is crucial for regulating the expression of bone-specific genes (48, 49) . Runx2 has been shown to induce ALP activity and mineralization in immature mesenchymal cells and osteoblastic cells in vitro (50) (51) (52) . Runx2 is an inhibitor of the Notch1 signaling pathway during normal osteoblast differentiation by physically interacting with Notch1-IC and disrupting the Notch1-IC-RBP-Jk transcription complex (53) . We found that Runx2 expression is repressed at the terminal stages of osteoblast differentiation after exposure to 2 and 4 Gy of irradiation. Additionally, 4 Gy of irradiation impaired both Runx2 and ALP expression at the late stage of differentiation. We suspected that 4 Gy of irradiation suppressed ALP expression levels and osteoblast differentiation at the terminal stage by inhibition of Runx2 expression. Both 2 and 4 Gy of irradiation impaired Runx2 expression, but only 4 Gy of irradiation decreased ALP expression. However, 2 Gy of irradiation did not repress, but slightly increased ALP expression at the late stage of osteoblast differentiation. This result indicated that the increased ALP expression at the early stage of differentiation after 2 Gy of irradiation was not induced by Runx2.
Irradiated osteoblasts may promote osteoclast differentiation and proliferation mediated by RANKL/OPG and macrophage colony stimulating factor (M-CSF). RANKL, OPG and M-CSF are the key regulators of bone resorption and act directly on osteoclast precursors. M-CSF produced by osteoblast cells is required for survival of cells in the macrophage-osteoclast lineage, and appears to be essential for the proliferation and differentiation of osteoclast progenitors (54) (55) (56) (57) (58) . In addition to M-CSF, RANKL has been identified as a key cytokine that regulates osteoclastogenesis and bone resorption (22, (59) (60) (61) .
Activated osteoblasts support osteoclast formation and differentiation by expressing M-CSF and RANKL, but they also inhibit this process through expression of OPG, which binds to and inactivates RANKL. Changes in RANKL, OPG and M-CSF mRNA and protein expression in early and terminally differentiated osteoblasts after 2 and 4 Gy of irradiation are listed in Table II . Our results showed that osteoblasts receiving 2 and 4 Gy of irradiation at the terminal differentiation stage undergo osteoclast differentiation and proliferation by increased RANKL and M-CSF expression and decreased OPG expression. Compared with the late stage of osteoblast differentiation, the radiation effect on the early stage of osteoblast differentiation was more pronounced. Irradiation at 2 Gy decreased RANKL mRNA and protein expression levels and showed no significant changes in OPG levels at the early stage of osteoblast differentiation. Radiation exposure at 2 Gy induced M-CSF downregulation at the mRNA level, but upregulation at the protein level at the early stage of osteoblast differentiation. Even more, 4 Gy of irradiation increased M-CSF mRNA and protein expression and showed no significant changes in OPG level in early stage osteoblasts. Radiation exposure at 4 Gy induced RANKL upregulation at the mRNA level, while RANKL was downregulated at the protein level at the early stage of osteoblast differentiation. Irradiation at 4 Gy stimulated osteoclast differentiation and functioned through increasing M-CSF and RANKL levels. Radiated osteoblasts may play a role in radiation-induced bone loss. Considering the radiation effect on Notch signaling and its important role in osteoblast regulation, we suspect that Notch signaling plays an important role in osteoblast-osteoclast communication.
Many studies have reported that Notch signaling is vital to osteoblast development and skeletal remodeling by loss and gain methods. However, radiation may be more com plicated and could cause a serial of changes in Notch signaling. Although our data suggest that Notch1 may not be an important contribution to the radiation effect of osteoblast differentiation, we still need to understand how Notch receptors function together when subjected to external stimuli, such as exposure to radiation. This study reports the changes in Notch signaling following radiation. Our study did not show a strong relation between the upregulation of Notch1 expression and suppression of osteoblast differentiation. We found that Hes1 plays a role in the radiation effect on osteoblast differentiation. The components in Notch signaling were not directly transcribed upon radiation treatment, but this does not mean Table II . RANKL, OPG and M-CSF mRNA and protein expression alterations at the early and terminal differentiation stages following 2 and 4 Gy of irradiation. that the pathway was not affected by irradiation. Moreover, our result indicated that irradiated osteoblasts promote osteoclast differentiation and proliferation. Our findings aid in the understanding of the mechanism of the Notch signaling pathway in radiation-impaired osteoblastogenesis.
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